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Abstract 

The  ionic  conductivity  and  rheological  properties  of  clay  filled  nanocomposite  electrolytes  are  reported.  These  electrolytes,  which  have 
potential  use  in  lithium-ion  batteries,  consist  of  lithium-exchanged  hectorite,  a  2: 1  layered  smectite  clay,  dispersed  in  ethylene  carbonate 
(EC)  or  a  mixture  of  EC  +  polyethylene  glycol  di-methyl  ether  (PEG-dm,  250  MW).  All  samples  exhibit  elastic,  gel-like  characteristics 
and  room  temperature  conductivities  of  order  0.1  mS/cm.  A  maximum  in  conductivity  is  observed  at  about  25  wt.%  clay  concentration. 
A  maximum  in  hectorite  basal  layer  spacing  is  also  observed  in  the  same  concentration  range,  suggesting  a  direct  correlation  between 
conductivity  and  layer  spacing.  The  elastic  modulus  and  yield  stress  increase  by  two  orders  of  magnitude  and  the  conductivity  increases 
by  one  order  of  magnitude  with  increase  in  hectorite  concentration  from  5  to  25%,  which  indicates  the  significant  influence  of  hectorite 
content  in  determining  the  characteristics  of  these  single-ion  conductors.  The  solvent  composition  plays  a  secondary  role  in  this  regard, 
with  addition  of  PEG-dm  to  the  base  EC  +  hectorite  electrolyte  producing  moderate  improvement  in  conductivity.  Similarly,  the  addition 
of  PEG-dm  to  EC  +  hectorite  affects  an  increase  by  only  a  factor  of  three  in  the  elastic  modulus  and  yield  stress  of  the  electrolyte. 
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1.  Introduction 

Rechargeable  lithium-ion  batteries  are  an  important  com¬ 
ponent  in  portable  electronic  devices  because  of  desirable 
characteristics  that  include  high  energy  density,  low  weight, 
and  excellent  cycle  performance.  For  instance,  in  1997  alone, 
worldwide  sales  of  rechargeable  lithium-ion  batteries  ex¬ 
ceeded  1.6  billion  dollars  [1].  Because  of  government  man¬ 
dates  for  electric  vehicles  and  the  ever-increasing  demand  for 
portable  power  sources,  rechargeable  lithium  batteries  are 
expected  to  grow  more  than  20%  per  year  [2,3].  Lithium-ion 
batteries  in  particular  are  predicted  to  last  the  lifetime  of  a 
car  because  of  their  high  energy  and  power  density  [4,5]. 
However,  several  factors  in  lithium-ion  batteries,  especially 
in  the  electrolyte,  have  limited  commercial  usage.  Most 
lithium-ion  batteries  use  a  liquid  electrolyte,  which  requires 
the  use  of  a  microporous  polymeric  membrane  to  separate 
the  electrodes.  As  an  alternative,  our  group  [6]  is  attempt¬ 
ing  to  avoid  a  separator  by  using  a  gel  electrolyte  with 
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high-mechanical  strength.  These  gel  electrolytes  must  pos¬ 
sess  comparable  electrochemical  properties  to  liquid  elec¬ 
trolytes  such  as  conductivity,  lithium  transference  number, 
and  electrode/electrolyte  interfacial  stability.  The  technolog¬ 
ical  impact  of  developing  an  electrolyte  with  improved  con¬ 
ductivity  and  strong  mechanical  strength  is  significant  and 
warrants  further  exploration. 

Composite  polymer  electrolytes  (CPE)  are  viable  can¬ 
didates  for  rechargeable  batteries  because  they  possess 
desirable  properties  of  both  liquid  and  solid  electrolytes. 
Nano-size  fillers  such  as  TiCE,  SKE,  or  AI2O3  have  shown 
many  advantageous  effects  on  electrochemical  properties, 
(e.g.,  conductivity  and  transference  number)  of  CPE  [7-9]. 
The  benefit  of  some  fillers  when  added  to  a  liquid  sol¬ 
vent  is  their  ability  to  create  a  gel-like  matrix  making  a 
low-resistance,  open-channel  structure  for  ion  transport. 
However,  most  fillers  are  passive,  and  function  only  as  a 
structural  skeleton.  We,  on  the  other  hand,  focus  on  an 
active  filler,  lithium  hectorite,  which  provides  both  the 
ion-transport  capability  and  mechanical  strength. 

Hectorite  and  other  2:1  layered  clays  (smectites)  are  char¬ 
acterized  by  a  large  negatively  charged  plate-like  structure 
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(^250  nm  diameter)  with  exchangeable  counter  cations 
sandwiched  between  thin  platelets  (~lnm).  For  lithium 
battery  application,  the  native  sodium  cations  on  hectorite 
are  exchanged  for  lithium  cations  and  the  plate-like  parti¬ 
cles  are  dispersed  in  high-dielectric  solvents  (e.g.,  ethylene 
carbonate  (EC)  and  propylene  carbonate  (PC))  to  create  a 
physically  gelled  structure.  The  cation  mobility  is  consider¬ 
able  relative  to  the  mobility  of  the  large  anion  clay  platelets. 

Lithium-ion  transference  numbers  in  carbonate  solvents 
with  hectorite  were  shown  to  be  near  unity,  which  indi¬ 
cates  predominantly  lithium-ion  mobility  [10].  Conductiv¬ 
ity  at  room  temperature,  however,  in  these  electrolytes  is 
around  10~4S/cm,  whereas  that  in  a  typical  Li-ion  bat¬ 
tery  electrolyte  (LiPF6  +  EC  +  PC)  is  around  10~2  S/cm. 
High-molecular  weight  polyethylene  oxide  (PEO)  has  been 
shown  to  increase  basal  spacing  of  clay  platelets  [11],  how¬ 
ever,  the  ionic  conductivity  (10~6S/cm)  is  four  orders  of 
magnitude  below  non-polymer  electrolytes.  Motivated  by  an 
anticipated  increase  in  basal  spacing  induced  by  more  mo¬ 
bile,  low-molecular  weight  PEO,  we  have  investigated  the 
combined  influence  of  low-molecular  weight  methyl  termi¬ 
nated  PEO,  polyethylene  glycol  di-methyl  ether  (PEG-dm), 
with  a  carbonate  co-solvent  and  Li  hectorite. 

We  report  our  investigation  of  the  effect  of  PEG-dm  on 
conductivity,  basal  spacing  of  platelets,  and  rheological 
properties  in  hectorite/carbonate  electrolytes.  Conductivity 
is  measured  using  impedance  spectroscopy  to  quantify  ion 
motion.  The  microscopic  structure  of  hectorite  clay  platelets 
is  analyzed  using  low  angle  X-ray  diffraction  (XRD)  to 
find  platelet  spacing  after  dispersion  into  solution.  Rheo¬ 
logical  properties  are  investigated  to  find  the  gel  modulus 
and  yield  stress  of  the  electrolyte.  Several  combinations  of 
clay  and  polymer  loading  are  studied  in  an  attempt  to  find 
an  electrolyte  with  the  highest  conductivity.  A  preliminary 
comparison  of  rheological  properties  between  hydroxyl  ter¬ 
minated  PEO  (PEG)  and  PEG-dm  as  a  polymer  co- solvent 
with  EC  is  also  made. 


2.  Experimental 

2.7.  Electrolyte  preparation 

Sodium  hectorite,  provided  by  Hoechst  (SKS-21, 
88meq./100g),  was  mixed  with  LiCl  to  exchange  sodium 
with  lithium.  The  lithium  counterion  of  the  platelet  was  the 
only  source  of  lithium  in  the  electrolyte;  no  additional  salt 
was  added.  De-ionized  (DI)  water  (850  ml)  and  Na-hectorite 
(20  g)  were  blended  with  150  ml  of  0.75  M  LiCl  solution. 
The  mixture  was  allowed  to  equilibrate  for  1  day  and  then 
centrifuged.  The  supernatant  was  discarded  and  the  pro¬ 
cess  was  repeated  twice.  After  the  final  LiCl  exchange, 
the  clay  solids  were  mixed  with  1000  ml  of  DI  water  and 
centrifuged.  The  DI  water  rinse  process  was  repeated  two 
more  times.  The  hectorite  mixture  was  then  placed  in  a 
100  °C  oven  for  a  minimum  of  3  days  during  which  the  gel 


Table  1 


Composition  analysis  of  Li  hectorite  compared  to  expected  weight  percent 
based  on  formula  of  Li -hectorite  SKS-21  (Mg5.3Lio.7Si802o(OH,F)4Lio.7) 


Elements 

Expected  weight  (%) 

Found  weight  (%) 

Si 

29.6 

24.5 

Mg 

17.0 

17.6 

Li 

1.3 

0.99 

Na 

0 

0.16 

C 

0 

0.16 

Al 

0 

0.07 

solidified.  The  clay  was  subsequently  rinsed  with  100  ml 
methanol  (denatured,  Aldrich)  in  a  glass  frit  filter  three 
times  to  remove  residual  salts  (LiCl  and  NaCl).  Finally,  the 
hectorite  was  dried  at  70  °C  and  atmospheric  pressure  for 
at  least  1  day  to  remove  methanol.  Elemental  analysis  of  Li 
hectorite,  (Mg5  3Lio.7Si802o(OH,F)4.Lio.7),  was  performed 
by  Quantitative  Technologies  Inc.  (Whitehouse,  New  Jer¬ 
sey)  and  is  summarized  in  Table  1 .  Aluminum  was  found  in 
the  sample,  which  was  not  expected  in  the  Hoechst  SKS-21 
hectorite,  but  is  present  in  saponite,  another  smectite  clay 
made  by  Hoechst.  Discrepancy  in  values  could  occur  be¬ 
cause  of  incomplete  cation  exchange,  impurities  (saponite 
and  other  compounds),  and  elemental  analysis  error. 

A  matrix  of  samples  was  investigated  to  understand  the 
effect  of  polymer  addition  in  the  Li  hectorite/carbonate  mix¬ 
ture.  In  this  study,  the  amounts  of  hectorite  and  polymer 
were  adjusted.  The  ethylene  carbonate  solvent  (EC,  Aldrich) 
and  the  polymer  co-solvents  (PEG-dm  250  MW  and  PEG 
200  MW,  Aldrich)  were  made  at  three  volume  ratios  1:1 
EC:PEG-dm,  2:1  EC:PEG-dm,  and  1:1  EC:PEG.  Control 
samples  were  also  made  where  no  polymer  was  added  to  the 
EC.  Polymer-only  control  samples  (both  PEG-dm  and  PEG) 
were  not  studied  because  hectorite  did  not  disperse  in  these 
neat  solvents.  Hectorite  loading  was  determined  as  a  percent¬ 
age  of  solvent  weight.  Conductivity  data  are  presented  with 
hectorite  concentration  reported  as  either  hectorite  wt.% 
or  mol  hectorite/kg  solvent.  The  Li  hectorite  loadings  in¬ 
vestigated  were  5,  10,  15,  20,  25,  30,  and  40%  hectorite 
(0.044-0.352  mol  hectorite/kg  solvent).  The  solvents,  EC  (at 
70  °C)  and  PEG-dm  (at  room  temperature),  were  pre-mixed 
to  the  desired  volumetric  ratio  (1:1  and  2:1).  Anhydrous 
ethanol  (Aldrich)  was  added  to  separate  clay  platelets,  which 
assisted  solvent  intercalation.  Since  the  order  of  addition  of 
the  components  had  an  effect  on  the  quality  of  the  hectorite 
dispersion,  the  following  sequence  was  kept  consistent:  (1) 
Li  hectorite,  (2)  EC/PEG-dm  mixture,  (3)  ethanol. 

The  technique  for  dispersing  clay  platelets  in  the  solvents 
was  critical  to  ion  mobility.  Ethanol  was  used,  instead  of 
water,  to  exfoliate  the  clay  platelets  in  order  to  reduce  addi¬ 
tional  water  removal  steps.  Li  hectorite  + 15  ml  EC/PEG-dm 
solvent  +  ^40  ml  ethanol  were  mixed  at  6100  rpm  using  a 
Silverson  L4RT  high-shear  laboratory  mixer  with  a  3/8  in. 
mixing  head.  The  mixture  was  brought  to  70  °C  while 
mixing  on  a  heating  plate  in  order  to  accelerate  ethanol 
removal.  When  the  volume  of  the  sample  was  reduced  to 
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approximately  20  ml  from  its  initial  volume  of  approxi¬ 
mately  60  ml,  the  heat  was  turned  off  but  mixing  continued. 
Sets  of  samples  were  dried  simultaneously  for  30-60  min 
increments  in  a  vacuum  oven  at  100  °C  under  ~lkPa. 
The  sample  was  then  transferred  to  a  high-purity  argon 
(99.998%)  atmosphere  glove  box.  The  weight  of  EC  that 
was  evaporated  in  the  vacuum  oven  was  calculated  by  de¬ 
termining  the  weight  difference  before  and  after  drying,  and 
was  typically  ^30%  of  the  initial  EC  amount.  This  amount 
of  EC  was  then  added  back  to  the  sample  through  hand 
mixing  until  the  added  EC  was  uniformly  distributed.  Water 
content  of  the  electrolytes  was  measured  using  a  Mitsubishi 
Karl-Fisher  CA-06  titrator  with  vaporizer  VA-06.  Small 
amounts  of  each  sample  (M). 04-0.1  g)  were  taken  from  the 
glove  box  in  sealed  glass  vials  and  tested  for  water  content. 
Samples  with  water  content  between  200  to  300  ppm  were 
considered  satisfactory,  while  samples  with  water  content 
higher  than  300  ppm  were  dried  again  in  a  vacuum  oven. 
Additional  drying  steps  were  performed  until  the  moisture 
level  was  in  the  appropriate  range. 

2.2.  Conductivity 

Conductivity  measurements  were  made  using  a  PAR  273 
potentiostat  and  5210  lock-in  amplifier  (Princeton  Applied 
Research)  or  a  BAS-Zahner  IM6e  Impedance  Analyzer  (Bio- 
analytical  Systems,  Inc.).  A  cell  consisting  of  two  platinum 
electrodes  in  a  capped  glass  vial  was  used  [10].  A  cell  con¬ 
stant  was  determined  for  each  cell  using  a  standard  KC1  so¬ 
lution.  Samples  were  added  to  these  cells  in  the  glove  box 
to  ensure  low-moisture  content.  Conductivity  was  measured 
between  25  and  100  °C  and  the  average  of  two  runs  is  re¬ 
ported. 

2.3.  X-ray  diffraction  (XRD) 

Basal  spacing  was  determined  using  an  Inel  XRG  3000 
X-ray  diffractometer  that  employed  Cu  Ka  radiation  (A  = 

o 

1.5405  A).  The  measurements  were  performed  at  35  kV  and 
30  mA.  All  samples  were  loaded  into  0.7  mm  quartz  capil¬ 
laries  and  affixed  to  a  rotating  goniometer  head.  Data  were 
collected  in  transmission  geometry  over  1.5°  <2 0  <  120° 
using  a  CPS- 120  detector  with  a  collection  time  of  4h.  The 
non-uniform  surface  of  gel  samples  when  placed  on  a  flat 
plate  sample  holder  makes  collecting  grazing  angle  (small 
angle)  diffraction  difficult.  The  use  of  a  rotating  capillary 
sample  holder,  however,  alleviates  this  problem.  Data  were 
calibrated  with  respect  to  an  external  silicon  standard. 

2.4.  Rheology 

Dynamic  rheological  measurements  were  conducted  on 
a  rheometrics  dynamic  stress  rheometer  (DSR  II)  using  a 
25  mm  parallel  plate  geometry  for  concentrations  less  than 
20%  clay.  At  higher  concentrations  of  clay,  a  TA  instrument 
stress  rheometer  (AR2000)  with  a  20  mm  parallel  plate  ge¬ 


ometry  [12]  was  used  because  of  instrumental  limitations  of 
the  DSR  II.  A  sinusoidally  varying  stress  was  applied  to  the 
sample,  and  the  resulting  elastic  ( G' )  and  viscous  ( G ")  mod¬ 
uli  were  obtained  as  either  a  function  of  frequency,  or  stress 
amplitude  at  a  fixed  frequency  of  1  rad/s.  Frequency  spec¬ 
tra  of  G'  and  G"  were  obtained  at  a  stress/strain  amplitude 
in  the  linear  viscoelastic  regime.  The  yield  stress  was  found 
by  applying  increasing  stress  until  the  elastic  modulus  de¬ 
creased  precipitously.  Creep  measurements  were  recorded 
to  obtain  the  steady  state  creep  compliance  7°  and  the  re¬ 
coverable  creep  compliance  Jv{t).  During  a  creep  measure¬ 
ment,  a  stress  (to  =  200  Pa)  was  applied  for  a  specified  time 
(t  =  600  s),  and  strain  was  recorded.  The  stress  was  then 
removed  and  the  recoverable  strain  was  recorded  for  3200  s. 
Steady  state  creep  compliance  7°  was  found  from  the  ex¬ 
trapolated  point  at  t  =  0  of  the  linear  slope  of  compliance 
as  a  function  of  time  in  the  initial  applied  stress  regime  (the 
linear  slope  represents  the  steady  state  deformation  of  sam¬ 
ple  from  the  initial  stress).  Recoverable  creep  compliance, 
JY(t)  =  yY(t)/zo,  was  calculated  from  the  recovery  strain 
(yr)  and  the  applied  stress,  represents  the  recoil  of  sample 
after  the  stress  is  removed. 


3.  Results 

3.1.  Conductivity  measurements 

Fig.  1  displays  the  effect  of  temperature  on  conductiv¬ 
ity  for  electrolytes  containing  5,  25,  and  40%  clay.  Within 
experimental  uncertainty,  most  samples  exhibit  Arrhenius 
behavior,  as  indicated  by  the  linear  relationship  between 
conductivity  and  1/7,  but  one  sample  (2:1  EC:PEG-dm) 
produced  slight  non-Arrhenius  behavior.  Conductivity  at 
25  °C  as  a  function  of  clay  concentration  is  shown  in  Fig.  2 
for  electrolytes  with  various  solvents:  1:1  EC:PEG-dm, 
2:1  EC:PEG-dm,  and  1:1  EC: PC.  The  conductivity  with 
1:1  EC:PC  solvent  was  measured  by  Riley  et  al.  [10]  and 
was  mixed  slightly  different  from  the  procedure  used  in 
this  study  (water  instead  of  ethanol  was  used  in  the  initial 
dispersion  and  a  high- shear  mixer  was  not  used).  We  see  a 
slight  improvement  in  conductivity  for  the  2:1  EC/PEG-dm 
electrolyte  when  compared  to  the  1:1  EC: PC  and  1:1 
EC:PEG-dm  solvent.  At  concentrations  above  25%  clay, 
2:1  EC:PEG-dm  and  EC  solvents  displayed  a  decrease  in 
conductivity.  A  maximum  in  conductivity  with  concentra¬ 
tion  of  Li  hectorite  at  60  °C  is  also  seen  in  Fig.  3  where 
EC:PEG-dm  solvent  mixtures  are  compared  to  the  EC  only 
control  samples.  At  60  °C  the  maximum  conductivity  for 
both  2: 1  EC:PEG-dm  and  EC  electrolytes  occurs  at  0.22  mol 
Li  hectorite/kg  solvent  and  is  0.60  and  0.49mS/cm,  re¬ 
spectively.  The  maximum  conductivity  for  1:1  EC:PEG-dm 
at  60  °C  is  0.54mS/cm  and  occurs  at  0.26  mol  Li  hec¬ 
torite/kg  solvent.  The  result  in  Figs.  2  and  3  indicate  that 
the  concentration  at  which  maximum  conductivity  occurs  is 
approximately  independent  of  temperature  over  this  narrow 
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Fig.  1.  Arrhenius  plot  of  conductivity  for  5,  25,  and  40%  Li-hectorite  in 
1:1  EC:PEG-dm  (top)  and  2:1  EC:PEG-dm  (bottom)  solvent  mixture. 


clay  wt% 


5  15  25  35  45  55  65  75 


Fig.  2.  Conductivity  at  25  °C  of  clay-containing  electrolyte  for  three 
solvent  systems:  1:1  EC:PEG-dm,  2:1  EC:PEG-dm,  and  1:1  EC:PC  (Riley 
et  al.  [10]). 


clay  wt  % 

0  5  10  15  20  25  30  35  40  45 


0.00  0.05  0.10  0.15  0.20  0.25  0.30  0.35  0.40 


mol  Li  hectorite  /  kg  solvent 

Fig.  3.  Conductivity  at  60  °C  for  of  clay  containing  electrolyte  for  three 
solvent  systems  1:1  EC:PEG-dm,  2:1  EC:PEG-dm,  and  EC  only. 

temperature  range  (25-60  °C).  However,  the  maximum  con¬ 
ductivity  of  2:1  EC:PEG-dm  electrolytes  is  10%  higher  than 
the  maximum  conductivity  of  1:1  EC:PEG-dm  electrolytes 
at  25  °C  and  is  14%  higher  at  60  °C. 

3.2.  XRD  measurements 

Interlayer  separation  of  clay  platelets  was  determined  us¬ 
ing  X-ray  diffraction.  Three  solvents  were  investigated:  1:1 
EC:PEG-dm,  2:1  EC:PEG-dm,  and  EC  only,  at  four  load¬ 
ings  of  clay  (5,  15,  25,  40  wt.%).  The  diffraction  patterns  are 
shown  in  Fig.  4.  Two  peaks  are  seen  for  powder  Li  hectorite, 
20  =  2.3°  and  6.9°,  which  corresponds  to  a  basal  spac¬ 
ing  of  ^3.8  and  1.3  nm,  respectively.  Previous  work  [13] 
has  shown  a  peak  for  Na  hectorite  powder  around  20  =  6° 
(1.5  nm);  the  peak  we  observe  at  6.9°  for  Li  hectorite  is  at¬ 
tributed  to  the  corresponding  clay  platelet  spacing  that  is 
contracted  due  to  the  smaller  Li  cations.  The  Na  hectorite 
used  by  Cool  and  Vansant  [13]  had  a  platelet  diameter  of 
2000  nm  and  was  found  naturally,  whereas  we  used  a  syn¬ 
thetic  Li-hectorite  of  250  nm  diameter,  which  could  account 
for  small  differences  between  the  two.  The  low  angle  peak 
at  2.3°,  which  is  significantly  broadened  toward  higher  an¬ 
gle,  has  not  previously  been  described.  This  feature  is  not  a 
result  of  our  sample  processing  as  it  is  also  observed  in  the 
as  received  sample  of  Na-Hectorite.  It  is  conceivable  that  the 
low-angle  peak  at  2.3°  is  indicative  of  super  lattice  struc¬ 
tures  resulting  from  different  size  stacks  of  clay  platelets.  We 
have  ensured  that  no  divalent  or  stray  metal  ions  are  in  the 
clay  through  elemental  analysis  (Table  1).  The  carbon  con¬ 
tent  of  around  0.1%,  suggests  that  organic  cations  may  be 
present  from  the  manufacturing  process,  which  would  affect 
the  spacing.  Furthermore,  the  presence  of  the  peak  at  2.3° 
in  Na  hectorite  diffrac  to  grams  confirms  that  methanol  used 
in  the  exchange  process  did  not  cause  the  increase  in  layer 
spacing. 
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Fig.  4.  XRD  results  for  2:1  EC:PEG-dm,  1:1  EC:PEG-dm,  and  EC  only 
with  5,  15,  25,  and  40%  clay.  Arrows  indicate  the  peaks  used  to  calculate 
the  basal  spacings  plotted  in  this  figure.  The  powder  spectrum  for  Li 
hectorite  is  also  shown. 

The  XRD  peaks  of  the  composite  electrolytes  are  indi¬ 
cated  by  arrows  on  Fig.  4  and  fall  between  20  =  3. 4-4. 7°. 
These  peaks  represent  a  low  angle  shift  of  the  6.9°  peak 
seen  in  the  Li  hectorite  diffraction  pattern  consistent  with 
clay  platelet  swelling,  i.e.,  an  increase  in  platelet  basal  spac¬ 


Fig.  5.  Basal  spacing  for  various  Li-hectorite  concentrations  in  1:1 
EC:PEG-dm,  2:1  EC:PEG-dm  and  EC  only  solvents. 

ing  (<iooi)-  When  plotted  as  a  function  of  clay  concentration 
(Fig.  5)  it  is  evident  that  the  clay  swelling  reaches  a  maxi- 

o 

mum  23-25  A  at  about  25%  clay  loading. 

3.3.  Rheology  measurements 

Fig.  6  shows  a  representative  plot  of  the  elastic  ( G ')  and 
viscous  ( G ")  moduli  as  functions  of  frequency  for  a  1:1 
EC:PEG-dm  solvent  mixture  at  5  and  15%  clay  content. 
Both  G'  and  G"  are  independent  of  frequency  with  G ’  ex¬ 
ceeding  G".  These  features,  which  are  characteristics  of  a 
gel  [14],  were  found  for  all  samples  used  in  this  study.  Fig.  6 
also  shows  that  G'  and  G"  increase  with  clay  concentration. 
The  effect  of  clay  concentration  is  clearly  demonstrated  in 
Fig.  7,  which  shows  G'  as  a  function  of  clay  concentration 
for  1:1  EC:PEG-dm,  2:1  EC:PEG-dm,  and  1:1  EC:  PEG 
electrolytes  at  one  frequency  (co  =  1  rad/s).  Both  gels  with 


Frequency  (rad/s) 

Fig.  6.  G'  (elastic  modulus)  and  G"  (viscous  modulus)  as  a  function  of 
frequency  (at  constant  stress  in  the  LVE  regime)  for  5  and  15%  clay  in 
1:1  EC:PEG-dm. 
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Clay  wt  % 


Fig.  7.  Elastic  modulus  (Gr)  at  different  Li-hectorite  concentrations  for 
four  solvents:  1:1  EC:PEG-dm,  2:1  EC:PEG-dm,  EC,  and  1:1  EC:PEG. 

PEG-dm  present  in  the  solvent  display  similar  modulus  in 
the  concentration  regime  measured;  however,  the  PEG  gels 
exhibit  lower  G'  values.  Gel  modulus  for  all  samples  in¬ 
crease  by  almost  two  orders  of  magnitude  over  the  concen¬ 
tration  range  studied  (5-40%). 

Apparent  yield  stress  was  determined  from  a  plot  of  G' 
as  a  function  of  stress  amplitude  [15,16].  Fig.  8  shows 
an  example  of  this  procedure  for  three  samples:  10%  clay 
in  1:1  EC:PEG,  5%  in  1:1  EC:PEG-dm,  and  10%  in  1:1 
EC:PEG-dm.  Above  a  certain  stress,  the  sample  microstruc¬ 
ture  is  disrupted  with  a  concomitant  decrease  in  G ’  and 
increase  in  G"  {G"  not  shown  in  figure).  The  yield  stress 
corresponds  to  the  intersection  of  extrapolated  lines  drawn 
through  the  stress-invariant  and  stress-varying  regimes,  as 
shown  by  the  arrows.  Yield  stress  obtained  using  this  ap¬ 
proach  for  various  samples  at  different  concentrations  of 
clay  are  provided  in  Table  2.  Consistent  with  the  trend  in 
elastic  modulus,  the  yield  stress  increases  with  clay  concen¬ 
tration  and  the  PEG-containing  samples  show  lower  yield 
stress  when  compared  to  PEG-dm-containing  samples  of  the 
same  clay  concentration. 


Fig.  8.  Yield  stress  (marked  by  arrow)  of  10  and  5%  clay  in  1:1 
EC:PEG-dm  and  10%  clay  in  1:1  EC:  PEG. 


Table  2 

Yield  stress  (Pa)  for  1:1  EC:PEG  and  1:1  EC:PEG-dm  electrolytes  at 
various  clay  wt.% 


Hectorite  (%) 

1:1  EC:  PEG 

1:1  EC:PEG-dm 

5 

160 

230 

10 

1600 

3000 

15 

4000 

6000 

20 

5000 

N/A 

Table  3 

Steady  state  creep  compliance,  (Pa-1),  for  1:1  EC:PEG-dm  and  1:1 

EC:PEO  solvent  systems  at  various  wt.%  of  Li-hectorite 

Hectorite  (%) 

1:1  EC:  PEG-dm 

1:1  EC:PEO 

10 

3.7  x  1CT5 

1.0  X  10“4 

15 

1.3  x  1CT5 

2.6  x  10“5 

20 

N/A 

1.3  x  10“5 

The  steady  state  creep  compliances  7°  of  samples  are 
tabulated  in  Table  3.  The  creep  compliance  decreases  with 
increasing  clay  concentration,  and  the  PEG  samples  reveal 
a  higher  creep  compliance  compared  to  their  methyl-capped 
analog.  These  results  indicate  that  samples  with  larger  clay 
content  deform  (or  “creep”)  less  under  an  applied  stress. 

The  recoverable  creep  compliances  (7r)  of  Li  hectorite 
samples  in  1:1  EC: PEG-dm  and  1:1  EC: PEG  solvents  at 
different  clay  concentrations  are  shown  on  a  plot  of  strain 
normalized  with  respect  to  imposed  stress  (y/r o)  as  a  func¬ 
tion  of  time  (Fig.  9).  While  clay  concentrations  have  a  large 
effect  on  recovery,  it  is  interesting  to  note  that  the  strain  re¬ 
covery  is  larger  for  samples  with  lower  clay  concentrations. 

4.  Discussion 

4.1.  Effects  of  hectorite  concentration 

Ionic  conductivity  is  dependent  on  both  concentration  and 
mobility  of  the  ions.  The  later  is  affected  by  electrolyte  vis¬ 
cosity  and,  in  the  Li-hectorite  composite  system,  filler  dis¬ 
persion.  Increase  in  viscosity  and  clay  platelet  aggregation 
can  impede  mobility  and  lower  conductivity.  Ion  concentra¬ 
tion  is  proportional  to  clay  content,  yet  the  higher  the  clay 
concentration,  the  more  likely  is  platelet  aggregation.  This 
proportionality  leads  to  a  maximum  conductivity  at  an  op¬ 
timum  clay  concentration,  which  has  also  been  shown  pre¬ 
viously  by  Riley  et  al.  [10]  for  carbonate  solvents.  We  find 
broad  maxima  in  conductivity  as  a  function  of  clay  con¬ 
centration  for  the  PEG-dm-containing  electrolytes  (Fig.  2). 
We  also  note  a  correlation  between  conductivity  and  platelet 
separation  maximum  with  respect  to  clay  concentration. 

Clay  platelets  have  been  shown  by  Krishnamoorti  et  al. 
[17]  and  Luckham  and  Rossi  [18]  to  experience  self  in¬ 
teractions  which  affect  their  geometrical  arrangement.  In 
these  single-ion  conductors,  the  self-interactions  affect 
conductivity  because  the  platelets  create  channels  for  ion 
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1:1  EC:PEG 


Time  (seconds) 

1:1  EC:PEG-dm 


Fig.  9.  Creep  measurements  for  1:1  EC: PEG  and  1:1  EC: PEG- dm  at  var¬ 
ious  loadings  of  Li-hectorite.  Curves  are  normalized  to  show  comparative 
relaxation.  The  vertical  arrows  represent  the  recoverable  creep  compliance 
Jr  for  each  sample. 

movement.  Various  modes  of  platelet  associations  (dis¬ 
persed,  face-to-face,  edge-to-face,  and  edge-to-edge),  alter 
the  channels  for  lithium-ion  movement  and  hence  conduc¬ 
tivity.  Clay  platelets  are  stable  in  suspensions  because  of 
electrical  double-layer  repulsion.  However,  at  high  concen¬ 
tration  of  clay,  interlayer  repulsion  decreases  and  platelets 
aggregate.  When  platelets  aggregate,  conductivity  decreases 
because  lithium-ions  are  less  mobile  between  platelets. 
We  found  that  ^25%  clay  yields  the  best  balance  of  Li+ 
concentration  (0.22  mol  Li+/kg  solvent)  and  clay  platelet 
separation. 

The  average  separation  of  platelets  is  significantly  influ¬ 
enced  by  its  concentration  in  the  polymer  solvent,  as  verified 
by  XRD  measurements  (Fig.  5).  At  25%  clay  concentration, 
the  basal  spacing  reaches  a  maximum  for  all  solvents  stud- 

o 

ied  (23-26  A)  and  declines  as  clay  concentration  increases 
(Fig.  5).  The  conductivity  follows  the  same  trend  with  a 
maximum  at  25%  clay  composition.  However,  the  decrease 
in  conductivity  at  higher  concentration  of  clay  (Fig.  3)  is 
less  pronounced  than  the  contraction  of  the  basal  spacing 


because  of  the  beneficial  effect  on  conductivity  of  increased 
charge-carrier  concentration  with  more  clay.  The  basal  spac¬ 
ing  and  conductivity  results  indicate  that  platelets  are  sepa¬ 
rated  best  for  single-ion  mobility  at  a  concentration  of  25% 
clay  (in  both  2:1  EC:PEG-dm  and  EC  solvents). 

At  high  concentrations  of  clay  the  double-layer  collapse 
leads  to  closer  platelets,  while  at  low  concentrations  (5 
and  15%  clay)  the  platelets  are  more  randomly  oriented, 
which  are  unlike  the  ordered  face-to-face,  edge-to-edge,  or 
edge-to-face  structures  and  appear  as  a  broad  XRD  peak  of 
low  intensity  [13].  A  broad  peak  represents  a  wide  distri¬ 
bution  of  particle  spacing,  typical  of  platelets  that  are  near 
exfoliation  (5  and  15%  clay  samples).  TEM  images  [19,20] 
show  a  stacking  effect  of  clay  layers  when  embedded  in 
resin.  These  stacks  of  clay  layers,  ranging  from  2  to  4  in 
number,  constitute  one  clay  particle.  High  intensity  XRD 
peaks,  as  seen  at  25  and  40%  clay  concentrations,  represent 
stacks  of  clay  platelets  with  uniform  spacing  between  the 
particles  (3.0  <  20  <  4.5°).  A  schematic  of  platelet  stacks 
and  interplatelet  spacing  is  shown  in  Fig.  10.  The  progres¬ 
sion  from  more  clay  particles  (Fig.  10a)  to  less  clay  particles 
(Fig.  lOd)  corresponds  to  a  decrease  in  uniformity  of  basal 
spacing. 

4.2.  Polymer  concentration  effect 

One  objective  of  this  research  was  to  observe  the  change 
in  conductivity  upon  addition  of  low-molecular  weight  poly¬ 
mer  to  a  nanocomposite  clay-based  electrolyte.  We  found 
that  a  EC:PEG-dm  (250  MW)  solvent  mixture,  at  a  2:1  vol¬ 
umetric  ratio,  produced  electrolytes  with  the  highest  con¬ 
ductivity  (Figs.  2  and  3).  At  higher  content  of  PEG-dm, 
such  as  1 : 1  EC: PEG-dm,  conductivity  decreased  slightly  and 
was  similar  to  the  EC  only  samples.  These  results  indicate 
PEG-dm  addition  can  be  beneficial  to  ionic  conductivity 
when  a  small  amount  is  added  to  the  carbonate  co-solvent. 
The  dielectric  constants  for  EC  and  PC  [21],  s  =  89  and 
64,  respectively,  are  greater  than  that  of  PEG-dm  250  MW 
(s  =  7.9)  [21],  hence  PEG-dm  alone  is  not  as  conducive  to 
salt  disassociation  as  EC  or  PC.  Surprisingly,  the  conductiv¬ 
ity  of  1:1  EC: PEG-dm  and  1:1  EC: PC  electrolytes  are  sim¬ 
ilar  despite  the  higher  dielectric  constant  of  the  1:1  EC: PC 
mixture.  We  believe  that  gel  formation,  and  thus  the  con¬ 
ductivity,  in  the  samples  is  controlled  more  by  the  concen¬ 
tration  of  clay  platelets  than  the  solvent  type.  This  is  consis¬ 
tent  with  the  rheology  results,  as  discussed  later.  However, 
because  of  the  a  slight  increase  in  conductivity  when  small 
amounts  of  PEG-dm  are  added  to  EC  (2: 1  EC: PEG-dm),  we 
expect  that  interactions  (Van  der  walls,  dipole/dipole,  etc.) 
between  PEG-dm  molecules  and  clay  platelets  exist  to  affect 
electrolyte  structure. 

4.3.  Rheological  properties  of  Li  hectorite  electrolytes 

The  rheological  results  indicate  that  clay  concentration 
is  a  dominant  factor  in  dictating  the  modulus/strength  of 


254 


R.G.  Singhal  et  al.  /  Journal  of  Power  Sources  128  (2004)  247-255 


Fig.  10.  Schematic  of  clay  platelet  aggregation.  The  horizontal  bars  represent  clay  platelets.  The  boxes  around  platelets  represent  collection  of  platelets 
that  act  as  a  group.  Brackets  signify  examples  of  spacing  detected  by  XRD.  As  the  clay  percentage  decreases,  (A)  100  (B)  40,  (C)  25,  (D)  15,  and  (E) 
5%,  and  exfoliation  increases,  the  variety  of  spacing  become  more  apparent,  leading  to  a  broader  XRD  peak  (Fig.  4). 


the  electrolytes.  An  increase  of  G'  by  almost  two  orders  of 
magnitude  (~103  to  ~105  Pa)  was  observed  as  clay  weight 
percent  increased  from  5  to  15%  (Fig.  7).  At  concentrations 
above  15%  clay,  the  elastic  modulus  reaches  a  plateau, 
which  represents  declining  change  in  inter-particle  inter¬ 
actions.  The  nature  or  composition  of  the  solvent  seems 
to  have  a  much  smaller  effect  on  modulus.  For  instance, 
G'  is  the  same  for  1:1  EC:PEG-dm  and  2:1  EC:PEG-dm 
electrolytes.  EC  only  electrolytes  had  slightly  lower  G' 
in  comparison  to  PEG-dm-containing  samples  except  at 
40%  loading,  at  which  all  sample  have  essentially  identi¬ 
cal  G'.  These  results  indicate  that  the  platelet  aggregates 
are  influenced  more  by  platelet/platelet  interactions  than 
sol vent/clay  interactions.  The  modulus  of  the  EC: PEG  sam¬ 
ples  decreases  by  only  a  factor  2-3  from  the  EC:PEG-dm 
samples,  a  difference  that  is  small  in  comparison  to  the 
two  orders  of  magnitude  difference  observed  with  changes 
in  clay  concentration.  Because  of  strong  electrostatic  in¬ 
teractions  between  platelets,  the  small  change  in  viscosity 
induced  by  doubling  the  PEG-dm:EC  ratio  from  1:1  to 
2:1,  does  not  affect  the  overall  elastic  modulus.  In  gels  us¬ 
ing  PC:EC  solvent  studied  by  Riley  et  al.  [22],  the  elastic 
moduli  also  fall  in  the  range  of  values  presented  in  the 
present  study.  Future  investigations  with  higher  molecular 
weight  PEG-dm  is  of  interest  since  it  may  show  a  greater 
effect  on  gel  strength  because  of  increase  in  polymer 
viscosity. 


The  lower  elastic  modulus  observed  for  the  EC: PEG  elec¬ 
trolytes  compared  to  EC:PEG-dm  electrolytes  (Fig.  7)  can 
be  explained  in  terms  of  the  dispersion  of  clay  in  the  solvent. 
Low-molecular  weight  hydroxyl  terminated  PEG  is  more  po¬ 
lar  than  PEG-dm  and  will  produce  a  better  solvent/clay  dis¬ 
persion.  In  fact,  electrolytes  with  1:1  EC:PEG  solvent  were 
more  translucent  (i.e.,  better  dispersed)  than  the  PEG-dm 
mixtures.  Because  of  the  relatively  more  polar  nature  of  the 
polymer,  PEG  exfoliates  the  clay  layers,  whereas  PEG-dm 
does  not  solvate  the  platelets  leading  to  clay  aggregation. 
Such  a  scenario  is  consistent  with  the  results  of  Riley  et  al. 
[22],  who  found  that  G'  and  yield  stress  decrease  with  en¬ 
hanced  dispersibility.  In  the  present  study,  the  yield  stress  of 
Li  hectorite  in  1:1  EC: PEG-dm  is  also  consistently  higher 
when  compared  to  Li  hectorite  in  1:1  EC:  PEG.  Our  re¬ 
sults  show  that  materials  with  high  G'  also  have  a  high  yield 
stress.  While  these  are  desirable  rheological  characteristics 
for  an  electrolyte,  it  is  important  for  an  electrolyte  to  exhibit 
minimum  creep  compliance.  The  steady  state  creep  compli¬ 
ance,  7°,  shown  in  Table  3,  represents  the  deformation  extent 
of  an  electrolyte  and  we  find  it  to  decrease  with  increasing 
clay  concentration.  This  result  is  consistent  with  the  modu¬ 
lus  data,  as  we  would  expect  a  stronger  gel  to  deform  less 
than  a  weaker  gel  when  the  same  stress  is  applied. 

Interestingly,  though  the  opposite  trend  is  noticed  in  the 
material  recovery,  as  quantified  by  the  recoverable  creep 
compliance  (7r).  The  7r,  which  reflects  the  ductile/flexible 


R.G.  Singhal  et  al.  /  Journal  of  Power  Sources  128  (2004)  247-255 


255 


nature  of  the  sample,  increases  with  decreasing  clay  concen¬ 
tration.  This  result  indicates  that  the  electrolytes  become  less 
elastic  with  increasing  clay  concentration.  We  can  rational¬ 
ize  this  occurrence  by  realizing  that,  at  high  concentrations 
of  clay  the  matrix  of  platelets  is  complex  and  once  altered 
by  stress,  the  matrix  does  not  recover  its  original  structure. 
The  loss  tangent  data  (tan  8  =  G"/G ')  from  our  dynamic 
experiments  is  also  consistent  with  the  recovery  results.  For 
instance,  the  loss  tangents  for  samples  containing  10,  15, 
and  20%  clay  in  1:1  EC:PEO,  are  0.06,  0.08,  and  0.09,  re¬ 
spectively,  and  in  10  and  15%  clay  with  1:1  EC:PEG-dm 
solvent  tan  8  is  0.06  and  0.10,  respectively.  This  indicates 
that  while  addition  of  clay  increases  elastic  modulus  it  has 
a  larger  effect  in  enhancing  viscous  modulus.  The  relative 
increase  in  viscous  contribution  also  manifests  itself  in  the 
samples  by  becoming  less  elastic  or  ductile  with  higher  clay 
concentrations. 

5.  Conclusions 

We  examined  the  effects  of  Li  hectorite  clay  concentra¬ 
tion  and  solvent  composition  on  the  conductivity  and  rhe¬ 
ology  of  nanocomposite  single-ion  conductors.  All  samples 
exhibit  gel-like  behavior  with  room  temperature  conduc¬ 
tivities  of  order  0.1  mS/cm.  A  maximum  in  conductivity  is 
observed  with  clay  concentration  of  about  25%.  A  max¬ 
imum  in  clay  basal  spacing  is  also  observed  in  the  same 
concentration  range,  suggesting  a  direct  correlation  between 
conductivity  and  basal  spacing.  In  contrast,  the  elastic  mod¬ 
ulus  increases  with  clay  concentration  and  asymptotes  to 
2  x  105  Pa  at  about  15%  clay.  These  results  taken  together 
indicate  that  while  changes  in  basal  spacing  are  important 
to  conductivity,  the  rheology  is  not  significantly  affected  by 
changes  at  such  a  small  scale.  Solvent  composition  seems 
to  play  a  secondary  role  in  terms  of  affecting  both  con¬ 
ductivity  and  rheology.  Addition  of  PEG-dm  to  the  base 
EC  electrolyte  produces  moderate  improvement  in  con¬ 
ductivity;  the  elastic  modulus  also  increases  by  a  factor  of 
three.  On  the  contrary,  changes  in  clay  concentration  over 
a  span  of  5-15  wt.%,  enhances  G'  and  yield  stress  by  two 
orders  of  magnitude  and  conductivity  by  one  order  of  mag¬ 
nitude,  clearly  indicating  clay  concentration  to  be  a  key 
factor  in  determining  the  characteristics  of  these  single-ion 
conductors. 
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